Accurate prediction of critical heat flux (CHF) in microchannels and small diameter tubes is of great interest in estimating the safe operational limits of cooling systems employing flow boiling. Scale analysis is applied to identify the relevant forces leading to the CHF condition. Using these forces, a local parameter model is developed to predict the flow boiling CHF. The theoretical model is an extension of an earlier pool boiling CHF model incorporating a force balance among the evaporation momentum, surface tension, inertia, and viscous forces. Weber number, capillary number, and a new non-dimensional group K 2 , representing the ratio of evaporation momentum to surface tension forces, emerged as main groups in quantifying the narrow channel effects on CHF. The constants in the model were calculated from the available experimental data. The mean error with ten data sets is 19.7 percent, with 76 percent data falling within ±30% error band, and 93 percent within ±50% error band. Evaluating individualized set of constants for each data set resulted in mean errors of less than 10 percent for all data sets. The success of the model indicates that flow boiling CHF can be modeled as a local phenomenon and the scale analysis is able to reveal important information regarding fundamental mechanisms leading to the CHF condition. The final equations resulting from this model are given by along with the transition criteria given by Eq. (28).
INTRODUCTION
High heat flux removal with flow boiling is an important process in many applications. It continues to receive great attention from the nuclear, steam power generation, and chemical process industries. Safety and efficiency considerations have provided major impetus for experimental, numerical, and analytical research in this area.
Researchers have focused on the flow boiling phenomena in small diameter tubes and microchannels to address the recent demands for high heat flux removal from electronic equipment and computer chips. As the cooling requirements are raised, understanding the fundamental mechanisms and estimating the limits due to the critical heat flux (CHF) condition in these geometries become important.
In the design of the equipment employing flow boiling, reliable methods to predict CHF are needed. Although exhaustive numerical codes to this end have been developed, particularly in the nuclear industry, predictive correlations developed from large data sets covering a wide range of conditions are often sought. In the absence of a clear understanding of the basic mechanism, it is common practice to employ a large number of system variables, often in nondimensional form, and perform advanced regression analysis to arrive at correlations that serve as predictive tools over the range of parameters covered in the parent data sets.
A model based approach, however, is desirable for predicting CHF. As new fluids are introduced in different applications, such as new refrigerants and dielectric fluids for chip cooling, a model based technique is expected to provide better guidance at predicting the CHF limits. It is also expected to provide a better predictive capability for different channel sizes.
The present work is aimed at developing a theoretical model based on scale analysis for predicting CHF condition. The model development, determination of the constants (scaling factors), validation of the predictive technique, and discussion on parametric trends are presented in this paper. 
LITERATURE REVIEW
Critical heat flux has been extensively studied in literature using experimental, analytical, and numerical techniques. Early developments related to nuclear and power industries are well summarized in a number of publications, e.g. [1] [2] [3] . The focus here is on small diameter channels, covering the ranges of minichannels (200 µm-3 mm) and microchannels (10 µm-200 µm) .
A few excellent reviews on the topic have been published in literature [4] [5] [6] . Tong and Tang [4] and Celata and Mariani [5] provide a detailed description of the mechanisms, parametric relationships, and correlations applicable to tubes that may be considered as minichannels and conventional sized channels.
Small diameter tubes face boiling instability which may lead to premature CHF condition. Bergles and Kandlikar [6] discuss the relative importance of Upstream Compressible Volume Instability and Excursive Instability. Using the pump characteristics map, they were able to identify the conditions responsible for these types of instabilities. These instabilities have also been reported by Wang et al. [7] . Using inlet flow restrictors, employing artificial nucleation cavities, and using localized heaters for initiating boiling are among several techniques recommended for reducing or eliminating instabilities [8] [9] [10] .
CHF MODELS AND CORRELATIONS IN LITERATURE
Modeling in pool boiling heat transfer was focused on correlation development, resulting in some of the well known correlations by Rohsenow [11] , Stephan and Abdelsalam [12] and Cooper [13] , for example. At the same time, models for arriving at the CHF condition based on physical phenomenon were also developed. The models employed were based on: flooding [14] , destruction of stability between liquid-vapor interface [15, 16] , coaxial two-phase flow instability [17] , liquid flow inhibition to the heater surface [18] , instability in vapor jets above nucleating bubbles [19] , critical Weber number based on a force balance [20] , small jet instability in the microlayer [21, 22] , effect of size and geometry on vapor column instability [ 23] , contact angle effect [24] , temperature of the heater surface under dry patches [25] , and incorporation of momentum evaporation force in a force balance at the base of a nucleating bubble [26] .
A number of investigators developed CHF models based on the liquid film dryout using the balance of liquid in the form of film and entrained droplets in the vapor. This approach was employed for macroscale application by Whalley et al. [27] . It is relevant for CHF at higher qualities.
Revellin and Thome [28] proposed a model for dryout in round tubes resulting from evaporation of liquid film by considering gravity, surface tension, and vapor shear forces on the film. CHF was considered to be caused by the KelvinHelmholtz instability in the liquid film. The constant in the film thickness expression at CHF was back-calculated using experimental CHF data of Wojtan et al. [29] . Kosar [30] used an approach incorporating liquid mass balance and film dryout to correlate saturated flow boiling data for water and refrigerants.
A number of researchers used regression analysis on a large number of data points to obtain a CHF correlation. The non-dimensional groups used included: Weber number, boiling number, Reynolds number, density ratio of the two phases, heated length to diameter ratio, and Bond number. One of the most successful correlations for macroscale channels was by Katto and Ohno [31] . They used the Weber number, length to diameter ratio, and density ratio in different groupings of these non-dimensional numbers. Using experimental data from literature, they evaluated thirteen constants (six coefficients and seven exponents) in their correlation scheme. Qu and Mudawar [32] developed a correlation for boiling number as a product of three parameters -Weber number, density ratio, and length to diameter ratio -with individual exponents and a leading constant, and obtained the constants using only their own data [32, 33] for water and R-113. Experimental data from other investigators' data could not be correlated well, indicating the need to use a broader data set in the correlation development.
Sarma et al. [34] conducted a dimensional analysis and developed five groups in their correlations for subcooled and low quality CHF. In particular, the heat flux was correlated with a new term (qD/μ L h fg ) with good results for small diameter channels. The results for circular tubes of diameters between 0.8 mm and 3 mm were correlated with an average deviation of 20 percent.
Roday and Jensen [35] used the same dimensionless groups used by Katto and Ohno [31] and obtained the seven constants in a correlation somewhat simpler than Katto and Ohno. Their own experimental data with water and R-123 in 0.427 and 0.7 mm hydraulic diameter rectangular channels, at critical qualities of less than 0.2, were used in a regression analysis resulting in an RMS error of 35 percent. They also found that the correlations by Katto and Ohno [31] and Qu and Mudawar [32] were unable to predict their data for smaller diameter channels employing low mass fluxes.
Recently Kosar et al. [36] conducted CHF experiments at very high mass fluxes ranging from 1500 to 53,000 kg/m 2 s in 127-254 μm inner diameter stainless steel tubes, 2 to 12 cm in length, at qualities below 0.15. They correlated their results directly using the system parameters: tube length to diameter ratio, mass flux, pressure, liquid subcooling, and wall superheat, and obtained the values of twenty-seven constants. The experimental data could be correlated to within 27 percent. Some of the earlier data from Bergles [37] and Vandervort et al. [38] could also be correlated by another equation for subcooled flow boiling within 10 percent. Their correlation indicated a strong dependence on mass flux.
Zhang et al. [39] reviewed the available CHF correlations for the saturated region by Bowring [40] , Katto [41] , Katto and Ohno [31] , and Shah [42] , and for the subcooled region by Tong [43] , Inasaka and Nariai [44] , Celata et al. [45] and Hall and Mudawar [46] . They presented a detailed comparison of their predictions with minichannel data from literature. Although the Qu and Mudawar [32] correlation was found to predict well for their data sets, later investigators, including Wojtan et al. [29] , Revellin and Thome [28] , Roday and Jensen [35] and Kosar [30] found significant deviations for small diameter channels. Zhang et al. [39] further showed that the Shah and Katto-Ohno correlations predicted the larger diameter data well, but were unsatisfactory for some of the recent minichannel data. Zhang et al. [39] developed a somewhat simpler correlation using Weber number, density ratio, and L/D ratio. Using 1300 data points from literature, they evaluated the three coefficients and five exponents in their correlation. The average mean deviation was 16.8 percent.
It is seen from the literature review that the available models and correlations are generally based on identifying relevant parameters, then combining them into non-dimensional groups, and developing a correlation based on a regression analysis with the available experimental data. In some of the more exhaustive studies, the functional form of the correlation was determined by studying the parametric trends in the data sets. The case of dryout as a termination of the liquid film is more amenable to analytical treatment for CHF determination.
In the present work, a force balance model developed earlier for pool boiling [26] is extended to cover flow boiling in small diameter channels. The resulting equation is presented in terms of non-dimensional groups that have been identified from a scale analysis. The model development, comparison with available experimental data and parametric trends are presented in the remainder of the paper.
SCALE ANALYSIS AND MODEL DEVELOPMENT
Critical heat flux is postulated here as a local parameter dependent phenomenon. Furthermore, this limiting heat transfer condition is assumed to occur not at the moment when wall dryout occurs, since dryout and rewetting are common occurrences during the boiling process. Such dryout occurs at the base of a nucleating bubble or at high heat fluxes in pool boiling. Similar phenomenon occurs in flow boiling during nucleation and bubble growth as well as during the dryout of film in slug flow. CHF is postulated to occur when the liquid is unable to rewet the walls, except for the natural exhaustion of liquid supply at higher qualities.
The motion of the three-phase contact line during evaporation has been studied by a number of investigators. Kandlikar and Steinke [47] used high-speed video to see the motion of the contact line and the liquid-vapor interface of droplets contacting a heater surface maintained above the temperature corresponding to the CHF condition. They identified the motion of the liquid front underneath the bulk of the advancing liquid on a dry surface, leaving a thin vapor film between the liquid and the heater, as the cutback phenomenon. Sefiane et al. [48] proposed the vapor recoil, a result of momentum force caused by evaporation at the interface, to induce instabilities at the interface near the contact line. The rewetting process is mainly focused around the contact line. The dominant forces that are at play during pool boiling are surface tension and gravity. Using these forces, Kandlikar [26] developed a CHF model for pool boiling incorporating the effects of receding contact angle and heater surface orientation. This model is extended in the present work to flow boiling by including the effects of additional forces apparent at the contact line arising from the flow.
The CHF model being considered here is focused on minichannels and microchannels, defined as channels with hydraulic diameters in the ranges of 3 mm to 200 µm, and 200 µm to 10 µm respectively. Following the scale analysis presented by Kandlikar [49] , the evaporation momentum, surface tension, shear, inertia, and gravity forces normalized on the basis of the diameter are given by the following expressions: It is seen that the relative importance of surface tension and shear forces rises at smaller diameters whereas the inertia effects are still important but their relative contribution is reduced.
It is seen that the gravity term decreases steeply as the channel diameter becomes smaller. As expected, it does not appear in any of the CHF correlations for microchannels and is not included in the present work. The use of surface tension force is quite common in CHF correlations as the interface behavior at the contact line near the wall plays an important role. It is interesting to note that the shear term becomes more important at microscale. The success of Sarma et al. [34] correlation utilizing the viscosity term confirms this observation. The evaporation momentum force, shown at q = 10 MW/m 2 , becomes relatively more important at smaller diameters. It may also be noted that this force is more dominant for FC72 as compared to water. This force is responsible for CHF, and a higher value (while other forces are of the same order of magnitude) indicates that CHF for FC-72 would be considerably lower than water under the same flow conditions. Since the latent heat governs this force, the scale analysis indicates that a low latent heat value for all fluorinated refrigerants would result in low CHF values for a given value of evaporation momentum force.
MODEL DEVELOPMENT
CHF is postulated to occur when the advancing liquid front (upstream) is unable to wet the heater surface again after it becomes dry during the flow boiling process. The high evaporation rate at the interface creates an evaporation momentum force due to the higher velocity vapor leaving the interface. The changes in the interface shape have been confirmed by high speed photographic observations of falling droplets on a heater surface maintained well above the saturation temperature [47] . Although the dynamic contact angle as seen for the rapidly receding interface is difficult to measure, Phan et al. [50] suggested that a micro-contact angle may exist that would represent the interface shape near the interface. Since the interface may not be considered as being under a quasi-equilibrium condition, this contact angle may not necessarily be an intrinsic property representing the surface energy, but simply an indication that the interface is deformed in response to the large forces resulting from the high local evaporation rate at its surface. Following the development of a local force balance employed in modeling pool boiling CHF [26] , consider a 2-D element of the interface close to the heater surface as shown in Fig. 2 . The flow is from left to right. The heater surface ahead of the interface is dry. It is postulated that at CHF, the liquid front will begin to recede on the wall under the bulk liquid. This phenomenon is called vapor cutback [47] .
The forces acting on the interface in the vicinity of the heater surface are: (i) surface tension forces F S,1 and F S,2 , (ii) inertia force F I due to the bulk flow, (iii) shear force F τ due to viscous effects, and (iv) evaporation momentum force resulting from the velocity difference between the approaching liquid and evaporating vapor at the interface. The forces shown in Fig.  2 are expressed per unit length of the contact line as follows:
Surface tension forces per unit length, using the receding contact angle θ R is given by:
The inertia force is calculated as the product of the liquid mass flow rate multiplied by the average flow velocity.
where is the specific volume averaged density given by:
The viscous force is calculated using liquid flow from Eq. (3) based on the scale analysis presented earlier:
The evaporation momentum force is calculated as the product of the evaporation mass flux times the vapor velocity (the velocity of the liquid approaching the interface is neglected since its specific volume is quite small compared to vapor at pressures far below the critical pressure). Following Eq. (2) presented in the scale analysis above, the evaporation momentum force per unit length is expressed as: (10) CHF is postulated to occur when the evaporation momentum force overcomes the sum of the inertia, surface tension, and viscous (shear) forces. Setting the equality condition, and replacing various constants with individual coefficients a 1 , a 2 and a 3 for each of the three terms respectively, the following expression for CHF is obtained:
Substituting the expressions for each force from Eqs. (6)-(10), the following equation is obtained:
Dividing by σ throughout results in the following equation:
The following non-dimensional groups representing the ratios of different forces to the surface tension force are introduced.
The non-dimensional group K 2 was proposed by Kandlikar [51] to represent the ratio of the evaporation momentum force to the surface tension force. The capillary number Ca represents the ratio of the viscous to surface tension forces, and the Weber number We represents the ratio of inertia to surface tension forces. Using these non-dimensional groups, Eq. (13) is expressed as:
The specific volume averaged density in Eq. (15) for We is given by Eq. (8) . All properties are evaluated at the saturation conditions, although future refinements in the model may include the temperature dependent properties through wall viscosity correction factors.
Equation (14) represents the resulting model for predicting flow boiling CHF in narrow channels under saturated conditions. Since this equation is derived using the scale analysis, the values of the constants , and need to be determined. Experimental data from literature are employed for this purpose.
EXPERIMENTAL CHF DATA AND EVALUATION OF THE MODEL CONSTANTS
Experimental data from literature are compiled in the hydraulic diameter range covering microchannels (10 μm < D ≤ 200 μm) and slightly beyond the minichannel range (200 μm < D ≤ 3 mm) [52, 53] . To determine the constants, the values of quality and saturation temperature or pressure are needed along with mass flux, heat flux, and channel dimensions. Since the L/D ratio is used extensively in the existing CHF correlations, many published data sets report L/D values and not quality. It was also not possible to recreate this data from the published information with certainty for some of these data sets. Therefore, in the present work only the data sets which explicitly report simultaneous values of quality, heat flux, mass flux, and saturation temperature are included. Table 1 shows the details of the data sets used [32, 36, [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] in the present work. The hydraulic diameter ranges from around 127 µm to 3.36 mm, although the focus is on the lower range of diameters. The table is arranged in the ascending order of diameters. The ranges of relevant parameters, including We and Ca are included in the table. Some of the data points from the data sources were not included because the data points immediately following them at nearly the same conditions had not yet attained the CHF. Also the data points beyond x>0.8 showed erratic behavior. The data sets cover water, R12, R113, R123, R22, R236fa, and R245fa.
Since the forces shown in Fig. 1 are dependent on the channel diameter as well as flow conditions, and as large ranges of diameters and flow rates are covered in the data sets, first an attempt was made to find out if the data can be classified according to some non-dimensional group. A particular trend was observed with Weber number that distinguished the data in two ranges. These ranges were identified as follows:
• Low Inertia Region (LIR): We < 900.
• High Inertia Region (HIR): We ≥ 900.
Further, the LIR region was found to be split into two CHF subregions. They are classified as follows:
• Low Inertia Region -Lower CHF subregion (LIR-LC) • Low Inertia Region -Higher CHF subregion (LIR-HC) Transition criterion between LIR-LC and LIR-HC could not be identified based on the non-dimensionless parameters. It was found to be dependent on some of the parameters in the experimental system employed, specifically the L/D ratio. More discussion on this aspect will be covered in the later sections.
The constants , and in Eq. (17) were evaluated using all data sets and the deviations were plotted against Weber number. As noted earlier, a transition range was observed at We around 900. Further, in the high Weber region, an additional dependence was noted on the product We×Ca. In further analysis, separate sets of constants are obtained in the different regions and subregions.
The final equations from the model based on the employed data sets are as follows: 
Equation (20) in the HIR is the same as Eq. (19) for LIR-LC. To improve the prediction accuracy further, the constant a 4 in Eq. (20) is modified to include the effects of the product We×Ca at higher Weber numbers as given below.
Improved Constant in the High Inertia Region, HIR: We ≥ 900:
We 1 Ca 1
(21) The constants in Eqs. (18) - (21) (14) - (16) . The values of the constants are derived from the experimental data listed in Table 1 . It must be noted that the data consist of different channel shapes and sizes, uncertainty bounds in the experiments, wall materials and material surface conditions, as well as different ranges of nondimensional parameters covering five orders of magnitudes variation.
The abrupt change indicated by a factor of 0.125 with constant a 4 in Eq. (19) for the Weber number range beyond 900 was derived from the data sets as described above. It is believed that this Weber number classification distinguishes between the microscale and the miniscale CHF behavior. Further discussion on this aspect is presented later under the diameter effect. Table 2 shows the mean errors, and percent data points falling in 30% and 50% error bands. In general, the experimental uncertainty in the parent data is between seven and thirteen percent as reported by the respective investigators.
RESULTS AND DISCUSSION
For water and seven refrigerants, the overall mean error for all data sets is -1.7% indicating that the model prediction is well balanced for the data sets being considered. The absolute mean error is 19.7%. A total of 76 percent of data points fall within an error band of ±30%, while 93 percent of data points fall within an error band of ±50%. About seven percent of data points in the data sets were considered as outliers, since their CHF values were significantly different from their neighboring points, often resulting in errors in excess of 150 percent. Since their number is small, and their behavior was found to be oddly different from their neighboring points, this deletion is considered to be reasonable. Fig. 3 Comparison of the experimental data and CHF from model predictions for 10 data sets with eight fluids in D h range from 127µm to 3.36mm. Figure 3 shows a cumulative plot comparing the experimental and predicted values of CHF. It is seen that the predictions are quite good. A 30% error band is shown to contain a large number of data points. The log-log plot is used to cover the large range of CHF values covered by the model.
Individual set of constants (not reported in the paper) were also obtained for each data set. The resulting individualized correlations were able to predict within less than 10 percent mean absolute error for the each of the data set.
Some specific comments are made concerning the HC and LC subregions. It is seen that in the low inertia region, below We<900, Kosar et al. [54] , Kosar and Peles [55] , Qu and Mudawar [32] and Kuan and Kandlikar [56] R-123 data follow the predicted HC/LC classification and fall in the LIR-HC. However, a few data sets, Kuan and Kandlikar [56] water data, Roday and Jensen [57] water data, and Martin-Callizo et al. [58] data fall in the LIR-LC region. It is seen that the transition occurs at L/D between 140 and 230 based on the present data set. Tube material and fluid may also be playing deciding roles in this subregion. However, no definitive pattern could be proposed at this time based on the limited data available in this range. Broadly, higher L/D ratios with copper channels seem to lead to LIR-LC region, although as stated earlier, it could not be firmly presented as a classification criterion at this time. (18) - (20) .
The ability of the force balance model, in conjunction with the CHF mechanism depicted in Fig. 2 , and the use of nondimensional groups to represent the complex CHF phenomenon are highlighted by relatively simple equations, Eqs. (18) - (21). The results showing parametric trends are presented below. Figure 4 shows the variation of K 2,CHF with We at x = 0.1 plotted using Eqs. ( 18)- (20) for two different Ca of 1×10 -3 and 100×10 -3 . Although the plots are shown over the entire We range, HC and LC regions present two states for We<900. For We≥900, the LC state is observed for most of the data (except for one set with D h = 1-2 mm of Inasaka and Nariai [59] ). .
RELATIVE CONTRIBUTION TO K 2,CHF
Another aspect of interest is the contribution from different forces to the K 2,CHF . Figure 7 shows the contributions from surface tension, inertia, and capillary forces (normalized by surface tension forces) derived from Eq. (17) . The sum of these contributions yields K 2,CHF at any given Weber number.
At a lower value of Ca = 1×10 -3 shown in Fig. 7 , the contributions from inertia and viscous forces are about the same at We = 12. At higher We, contribution from the inertia force rises dramatically and becomes the dominant term beyond We > 200. On the other hand, for Ca = 100×10 -3 shown in Fig. 8 , at lower values of We the contribution from viscous force is overwhelmingly large as compared to the inertia force. At around We = 1×10 3 , the two contributions are equal in magnitude. The value of K 2,CHF is largely governed by the viscous forces in this range. 
EFFECT OF CHANNEL DIAMETER
Effect of channel hydraulic diameter on the individual contributions from different forces is shown in Figs. 9 and 10 for water and R-123 respectively. These figures are plotted for a saturation pressure of 1 atm, x = 0.1 and G = 200 kg/m 2 s. For smaller diameter tubes, a lower value of G may be appropriate from practical considerations and the relative distribution of these contributions will be altered accordingly.
The plot shown in Fig. 9 for water indicates the dominance of the inertia term above D h =150 µm. Below this diameter, the viscous term becomes dominant. However, for R-123, shown in Fig. 10 , the viscous term is dominant for D h lower than 2.2 mm, covering almost the entire minichannel and microchannel ranges. The difference between water and refrigerants is clearly exemplified through these plots.
At smaller diameters, lower values of G are appropriate due to pressure drop considerations. Figures 11 and 12 show the variation in K 2,CHF with D h for water and R-123 respectively at G = 20 kg/m 2 s. At these conditions, the contribution from the surface tension term rises above the other two terms and the CHF would be dominated by the surface tension effects. Experimental data are needed in this range to validate these trends. It is clear from Figs. 7-10 that at lower values of We, generally encountered in boiling at microscale, the viscous forces play a very important role. At higher values of We, the inertia forces are dominant. This also explains why the correlation of Sarma et al. [34] , which incorporates the liquid viscosity, was particularly successful in representing the microscale CHF data. The effect of viscous forces is seen to be more pronounced for refrigerants. The correlations, such as by Katto and Ohno [31] , employed only Weber number as the main parameter, and were successful in representing the macroscale CHF data and are unable to capture the microscale effect. However, since they relied on empirical data fit without an underlying model, it resulted in complex correlation forms with a large number of constants. Another model by Kuan and Kandlikar [56] applied a similar force balance, but did not account for the viscous effects. It was therefore unable to extend to larger data sets.
The condition at which the contributions from the inertia term and viscous term are equal represents the transition from the inertia controlled region to viscous controlled region. Equating the two terms, we get:
Thus the transition occurs at:
Alternatively, substituting the definitions of We and Ca, the diameter at which the inertia controlled to viscous controlled CHF transition occurs for given flow conditions is given by:
Since this equation is in dimensional form, SI units should be used. Alternatively, the liquid Reynolds number at this transition may be expressed as:
This Reynolds number given by Eq. (25) represents the transition point below which the microscale effects represented by the capillary number term begin to dominate the CHF phenomenon. Note that it is also a function of local quality as it appears in the calculation of ρ m .
EFFECT OF L/D RATIO
The flow boiling CHF has been modeled in literature using the L/D ratio as a parameter. This parameter enables the estimation of the local condition (quality) at the CHF location.
Conducting an energy balance for a circular tube from the inlet section to the CHF location, the following equation can be derived. Note that the inlet quality will be negative for subcooled inlet.
Rearranging, the L/D ratio at the CHF location is given by:
In other words, the L/D ratio may be expressed in terms of the heat flux, mass flux, latent heat, inlet quality, and the local quality at CHF. Since the CHF is considered as a local phenomenon in the present model, the inlet quality itself is not considered to have any effect unless the test section is quite short, or the CHF occurs close to the inlet section.
Therefore, it may not be essential to incorporate the L/D ratio separately in a model. It is seen that although the model developed in this paper utilizes x and not L/D directly, it is able to predict the CHF quite well. In fact, using the L/D ratio introduces the inlet quality in the CHF modeling and may be another source of non-linearity (along with the multiplicative form used among the non-dimensional variables) in the earlier correlations.
Celata and Mariani [5] explained that the L/D ratio affects the CHF by introducing entrance region type effects, which depend on the operating parameters. The effect of L/D on CHF was studied by Inasaka and Nariai [59] . Figure 13 shows their results of L/D effect on CHF with tube diameter as a parameter. It is seen that for subcooled CHF close to the saturation condition, the L/D effect is insignificant for channel diameters below 1 mm. Generally, the HIR data are correlated well by Eq. (20), except for the Inasaka and Nariai data [59] data, which fall in the HIR-HC region. This region is correlated by the same equations used for LIR-HC region, eq. (18) . Figure 15 shows the effect of L/D ratio on the data sets in the HIR-HC and HIR regions. Here a transition around L/D = 60-80 is indicated. With the limited available data at this time (only one data set from [59] in the HIR-HC region), determination of the specific transition boundaries and transition criterion must wait until more data become available in these ranges of conditions. Thus, the following transition criteria are presented on the basis of the available data: 
FINAL EQUATIONS FROM THE CURRENT MODEL
The final equations resulting from this model are given by Eqs. (18) (19) (20) (21) (22) along with the transition criteria given by Eq. (28).
CONCLUSIONS
Critical heat flux during flow boiling in microchannels and minichannels is modeled using the local parameters quality, heat flux, mass flux, and fluid properties. The force balance model for pool boiling is extended to flow boiling and includes the evaporation momentum, surface tension, inertia, and viscous forces at the contact line of the liquid-vapor interface. The vapor cutback phenomenon causes the vapor to push the interface under the liquid, thus preventing the rewetting of the heater surface. The scale analysis indicates that the gravitational forces are negligible, and the viscous forces become increasingly important for smaller channels. For channels below 200 µm, the surface tension forces are predicted to play a more important role at lower mass fluxes.
The CHF model is presented in terms of the three nondimensional groups representing the respective ratios: evaporation momentum to surface tension forces -K 2 proposed by Kandlikar [51] , inertia to surface tension forces -Weber number We, and viscous to surface tension forces -capillary number Ca. A Comparison of the model with the experimental data indicates that there are two distinct regions distinguished by We < 900 and We ≥ 900. Additional subregions were noted that yielded a high or a low CHF region, HC and LC respectively.
The experimental data from literature covering a hydraulic diameter range from 127 µm to 3.36 mm were used to obtain the constants that define the contributions from each of the three non-dimensional groups. The experimental data from literature could be fitted with a mean error of 19.5%. Seventysix percent of the data could be predicted within ±30% error band and ninety-three percent data could be predicted within ±50% error band.
The use of local quality in place of L/D ratio, in conjunction with a force balance model derived from scale analysis, yielded an accurate description of the flow boiling CHF. The ratio L/D is seen to influence the transition from HC to LC regions, but additional experimental data are needed to confirm this transition criterion. The coefficients representing the scale constants were evaluated from the experimental data.
The relative magnitudes of inertia and viscous forces determine the transition from macroscale to microscale phenomena. Further reduction in scale influences the transition from viscous to surface tension dominant forces.
Although the model predicts the tested experimental data well, current lack of large amount of experimental data for minichannels and microchannels reveals an urgent need for experimental flow boiling CHF data for different fluids over a wide range of parameters. Until such data become available and are employed in evaluating the transition boundaries, the present model should be used with caution for predictive purposes. The ranges of parameters covered by the correlation are hydraulic diameter from 0.127 mm to 3.36 mm, x from 0.003 to 0.98, We from 1.7 to 133 and Ca from 0.1×10 -3 to 117×10 -3 .
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